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920447

Hybrid/Electric Vehicle Design Options and
Evaluations

A.F. Burke
  EG&G Idaho, Inc.

ABSTRACT

Var ious aspects  o f  the des ign and
evaluat ion o f  hybr id /e lec t r ic  veh ic les  are
considered wi th e m p h a s i s  o n the
consequences of utilizing advanced electric
d r i ve l i ne components such as AC
motors/electronics and  u l t r acapac i t o r s .
Special attention is given to series hybrid
drivelines, because they benefit much more
d i r e c t l y  t h a n  p a r a l l e l  h y b r i d  d r i v e l i n e s
from the recent large improvements in the
s p e c i f i c  w e i g h t  a n d  v o l u m e  o f  e l e c t r i c
d r i ve  mo to r s /e l ec t r on i cs .  The  resu l t s  o f
t h e  p r e s e n t  s t u d y  i n d i c a t e  t h a t  s e r i e s
hybr id  veh ic les wi th  an e lect r ic  range of
90-100 km and good acceleration performance
(0-88 km/h acceleration times of less than
12 seconds) can be designed with a
powertrain weight and volume comparable to
t h a t  o f  a  p a r a l l e l  h y b r i d  o f  t h e  s a m e
performance. The drivel ine eff iciencies of
the ser ies  and para l le l  des igns for  both
c i t y  and  h ighway  d r i v i ng  d i f f e r  by  l ess
than 15 percentage ponts. The control of
the series hybrid drivel ine is expected to
be s ign i f icant ly  s impler  than that  o f  the
pa ra l l e l  hyb r i d  sys tem and  i n  add i t i on ,
m e e t i n g  t h e  C a l i f o r n i a  U L E V  e m i s s i o n
standards should be less dif f icult  for the
series hybrid design, because the start of
its engine can be delayed until the

Work supported by the U.S. Department of
Energy Assistant Secretary for Conservation
and Renewable Energy (CE), under DOE Idaho
Field Office, Contract DE-AC07-76ID01570.

catalyst is warm without affect ing vehicle
d r i v e a b i l i t y .

Simulat ion results for series hybrid
veh i c l es  on  the  FUDS and  the  Fede ra l
H ighway  cyc les  i nd i ca te  t ha t  t he i r  f ue l
economy (miles per gallon) operating in the
hybrid mode wil l  be 25-50% greater than
convent iona l  ICE vehic les  o f  comparab le
i n t e r i o r  s i z e . Hyb r i d /e lec t r i c  veh i c l es
us ing  u l t r acapac i t o r s  t o  l oad  l eve l  t he
eng ine  i n  t he  d r i ve l i ne  showed  even  a
g r e a t e r  p o t e n t i a l imp rovemen t  i n  f ue l
economy. Load leve led operat ion o f  the
engine may make i t  less  d i f f i cu l t  to  use
high specific power engines, such as two-
s t roke and gas- turb ine engines,  in  l ight
du t y  veh i c l es  hav ing  s t r i ngen t  em iss ion
control requirements.

INTRODUCTION

Hybr id /e lec t r i c vehicles, which
ut i l i ze  both an e lect r ic  dr ive l ine and an
engine to provide the power and energy for
propulsion, have been studied for the last
20 years. Hybrid propulsion systems are
u s e d  p r i m a r i l y  t o  o v e r c o m e  t h e  r a n g e
l i m i t a t i o n  o f  p u r e  e l e c t r i c  v e h i c l e s
powered by batteries alone. A number of
hybrid vehicles have been built and tested
to demonstrate the viabi l i ty of various
hybrid powertrain approaches. Much of the
eng inee r i ng  ac t i v i t y  on  hyb r i d  veh i c l es
occurred between 1978 and 1984 as part of
the response of the United States to the
oil crises of 1973 and 1979.

In recent years, i n te res t  i n  hyb r i d
vehicles has been relatively low and most
o f  t h e  w o r k  o n  v e h i c l e s  u s i n g  e l e c t r i c
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dr ive l ines has been concerned wi th  pure
e lec t r i c  des igns . Some work on hybrid
vehicles was continued after 1984 and that
w o r k  w i l l  b e  i n c l u d e d  i n  t h e  r e v i e w  o f
hybrid vehicles given in the next section.
S i n c e  1 9 9 0 ,  t h e r e  h a s  b e e n  i n c r e a s e d
in terest  in  hybr id  veh ic les  due pr imar i ly
to  the Cal i forn ia  In i t ia t ive that  requi res
2% of the vehicles sold in California to be
elect r ic  veh ic les by 1998. I n  l i g h t  o f
this renewed interest in hybrid vehicles by
the auto industry worldwide, this paper is
i n t e n d e d  t o update hybr id veh ic le
development and design options reflecting
the recent  advances in  e lec t r ic  dr ive l ine
component technology and the requirement
for ultra- low-emission vehicles (ULEV) in
Ca l i f o rn ia . B o t h  s e r i e s  a n d  p a r a l l e l
h y b r i d  d r i v e l i n e  c o n f i g u r a t i o n s  w i l l  b e
considered. The basic features of each are
ident i f ied  in  subsequent  sect ions o f  th is
paper.

REVIEW OF PAST/PRESENT HYBRID VEHICLE
PROJECTS

This  rev iew wi l l  inc lude both  past
a n d  p r e s e n t  p r o j e c t s  a n d  s e r v e  a s  a n
introduction to the more detai led
discussion of hybrid vehicle design options
in later sections of the paper. A summary
of hybrid vehicle projects is given in
Table 1.

PAST PROJECTS - The term "past
pro jec ts" means studies and vehic le
fabr ica t ion/ tes t  ac t iv i t ies  that  have been
comp le ted  and  a re  no t  pa r t  o f  ongo ing
programs. The review wil l  be concerned
primari ly with U.S. Department of Energy
programs, as they are completely documented
and can be eas i ly  re ferenced.  Much of
the DOE-supported work in the 1978-1984
pe r i od  was  done  by  t he  Je t  P ropu l s i on
Laboratory  (JPL) ,  JPL/  Genera l  E lect r ic
Co. ,  and the Aerospace Corporat ion.  As
presented in References 1-6, JPL and
Aerospace per formed deta i led s tud ies o f
various hybrid vehicle missions and design
options, inc lud ing in-depth computer
simulations of vehicle operation on complex
representations o f  u r b a n  a n d  h i g h w a y
cycles. The hybrid vehicle designs treated
had acceleration performance comparable to
d iese l  engine-powered convent ional  ICE
vehicles. That performance was
considerably better than that of the pure

electric vehicles which were being designed
a t  t ha t  t ime . The JPL/Aerospace studies
conc luded that  the para l le l  e lec t r ic /heat -
engine dr ive l ine approach y ie lded much
lighter, smaller, and less expensive hybrid
d r i v e l i n e s  t h a n  t h e  s e r i e s  u t i l i z i n g  a
heat-engine-driven generator and thus the
parallel hybrid driveline was recommended
for the relat ively high performance hybrid
vehicles studied. It was recognized that
the paral lel  dr ivel ines were more complex
a n d  m o r e  d i f f i c u l t  t o  c o n t r o l  t h a n  t h e
ser ies  dr ive l ines.

Various approaches to the design of
hybrid vehicles were also evaluated as part
of the JPL/General Electric (GE) Near-Term
H y b r i d  V e h i c l e  p r o g r a m  c o n d u c t e d  i n
1978-1982. The results of those studies
and vehicle design, fabr ica t ion,  and tes t
act iv i t ies  are  g iven in  References 7-12.
The JPL/GE studies done in Phase I (prior
to the vehicle design and fabrication phase
o f  t h e  p r o g r a m )  i n d i c a t e d  t h a t  f o r  t h e
power - t o -we igh t  r a t i o (0.04375 kW/kg)
requ i r ed  t o  mee t  t he  acce le ra t i on  t ime
g o a l s  o f  t h e  p r o g r a m ,  t h e  H y b r i d  T e s t
Veh i c l e  (HTV)  shou ld  u t i l i ze  a  pa ra l l e l
d r i v e l i n e c o n f i g u r a t i o n . The
s t a t e - o f - t h e - a r t  o f  e l e c t r i c  d r i v e l i n e s
(motors and electronics) in 1978 precluded
the  packag ing  o f  t he  80 -90  kW e lec t r i c
d r i v e l i n e  r e q u i r e d  b y  a  s e r i e s  h y b r i d
design in the space available in the HTV.
In addition, the weight of the 90 kW series
hyb r i d  d r i ve l i ne  wou ld  have  been  much
g rea te r  t han  tha t  o f  t he  pa ra l l e l  hyb r i d
drivel ine that ut i l ized a 33 kW DC motor
and a 55 kW, 4-cylinder gasoline engine.

A sketch of the HTV hybrid driveline
is shown in Figure 1 (taken from Reference
8 ) . As discussed in References (8 and 9),
the HTV was built and dynamometer-tested on
t h e  F U D S  a n d  F e d e r a l  H i g h w a y  c y c l e s
demonstrat ing e lect r ic  on ly ,  engine only ,
and load-shared combined operation under
micro-processor con t ro l . The JPL
dynamometer  tes t  resu l ts  (Reference 9)
showed that the HTV had a high potential
for large petroleum savings f o r  r e a l i s t i c
user missions and had acceleration
performance comparab le  to  convent iona l
diesel-powered ICE vehicles. The emissions
test data (Reference 9) indicate that the
HTV could have been engineered to meet the
1980 emission standards, but likely not the
u l t ra low emiss ions s tandards o f  the la te
1990s in Cali fornia.
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As discussed in References 13-15,
t h e r e  h a v e  a l s o  b e e n  s t u d i e s  d i r e c t e d
toward the design and fabrication of series
hyb r i d /e l ec t r i c  veh i c l es .  Such vehicles
had the relatively low performance typical
of the pure electric vehicles of 1975-1985
and an engine-generator sized to provide
the average power (5-10 kW) needed for the
FUDS or C cycles. Those designs yield
relatively small range extension at freeway
and highway speeds that require much higher
power (see Figure 2). The weight and size
of those series hybrid drivelines confirmed
the es t imates o f  the JPL/Aerospace/GE
studies cited previously.

PRESENT PROJECTS - There are
present ly a number of act ive
hybrid/electric projects around the world,
including both parallel (References 16-19)
and series (References 20-23) designs.
Some of these projects (see Table 1)
utilize state-of-the-art electric driveline
components, engines, and microprocessor
controllers. The presently active hybrid
projects represent the base from which
future projects utilizing advanced electric
driveline and engine technologies will
evolve. Such design options for hybrid
vehicles are discussed in later sections of
this paper.

USER-PATTERN CONSIDERATIONS

T h e  k e y  u s e r - p a t t e r n  i n f o r m a t i o n
required to design a hybrid vehicle is the
stat ist ics of dai ly usage (fract ion of days
fo r  wh i ch  t he  t o ta l  da i l y  t r ave l  i s  l ess
than selected values), as that permits the
spec i f ica t ion o f  the a l l -e lec t r ic  range of
t h e  v e h i c l e  o n  a  r a t i o n a l  b a s i s . The
energy (kWh) requi red by the vehic le  to
travel this distance is an important factor
in  s iz ing the bat tery .  The second fac tor
in sizing the battery is the maximum power
(kW) requ i red f rom the e lec t r ic  dr ive l ine
during vehicle acceleration. If the
e lec t r i c  r ange s p e c i f i e d  f o r  a  h y b r i d
v e h i c l e  i s  s i g n i f i c a n t l y  l e s s  t h a n  t h a t
u s e d  f o r  a  p u r e  e l e c t r i c  v e h i c l e ,  i t  i s
l i k e l y  t h a t  t h e  b a t t e r y  i n  t h e  h y b r i d
vehicle wil l  be sized by peak power, not
energy storage, requirements. This is even
more l ike ly  to  be the case in  the fu ture
than it was in the past, because the
acceleration time requirements for

electric/hybrid vehicles are becoming more
st r ingent .

The results of a study of the impact
o f  use-pat tern  on the des ign o f  e lec t r ic
and hybrid vehicles are given in Reference
24. The daily vehicle use was analyzed
using a Monte Carlo random-trip generator
model for various percentiles of car owners
based  on  annua l  m i l eage . Calculated
cumulative p r o b a b i l i t y  d a i l y  t rave l
stat ist ics for percent of days and percent
of  veh ic le  mi les  on e lec t r ic i ty  are  g iven
in  F igure 3 .  For  example,  note f rom the
figure that for the 50th-percentile owner,
i f  the useable electr ic range of a vehicle
is 64 km (40 miles), the vehicle would be
used as a pure electric vehicle on 90% of
the days represent ing about  90% of  the
miles traveled per year; further, a 96 km
(60 mile) range on electricity would permit
the 90th-percent i le  owner  to  operate  the
veh i c l e  on  e lec t r i c i t y  a l one  fo r  80% o f
the days and 80% of the total miles per
year. F o r  a  h y b r i d  v e h i c l e ,  i t  s e e m s
reasonable to define useable electric range
as  t he  d i s t ance  t he  veh i c l e  can  t r ave l
primari ly on electr ici ty before the battery
reaches 80% depth-of -d ischarge (DOD).
Prior to 80% DOD, the engine would not be
needed to recharge the battery.

HYBRID DRIVELINE CONFIGURATION OPTIONS

There are three bas ica l ly  d i f ferent
hyb r i d  d r i ve l i ne  op t i ons :  ( 1 )  t he  se r i es
hybrid (Figure 4) in which al l  the torque
to  the wheels  is  f rom the e lec t r ic  motor
and  t he  eng ine  powers  a  gene ra to r  f o r
recha rg ing  t he  ba t t e r i es  and  supp l y i ng
e lect r ica l  energy a f ter  the bat ter ies  are
d i scha rged  t o  a  spec i f i ed  l eve l ,  ( 2 )  t he
para l le l  hybr id  (F igure 5)  in  which both
the electr ic motor and the engine provide
torque to the wheels either separately or
together and the motor can be used as a
generator to recharge the batteries when
the engine can produce more power than is
needed to propel the vehicle, (3) the split
hybrid (Figure 6) in which the front wheels
(or rear wheels) are driven by an electric
drivel ine and the other wheels are driven
by torque from the engine. This paper is
concerned pr imar i ly  w i th  the ser ies  and
pa ra l l e l  conf igurat ions a l t h o u g h ,  a s
indicated in Table 1, spl i t  hybrid designs
have been built and operated successfully.
The split hybrid can be considered a
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